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Neural Crest Stem Cells Undergo Cell-Intrinsic
Developmental Changes in Sensitivity
to Instructive Differentiation Signals
We have used the neural crest as a model system
to study the biology of mammalian neural stem cells
(Anderson, 1997). Previously, we described a multi-
potent progenitor cell isolated from explant cultures
of E10.5 rat neural tubes (Stemple and Anderson,
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1992). In culture, these cells undergo multiple rounds ofCalifornia Institute of Technology
self-renewing divisions, and differentiate into neurons,Pasadena, California 91125
Schwann cells, and smooth muscle-like myofibroblasts‡Department of Internal Medicine
(Shah et al., 1996); they have therefore been termedUniversity of Michigan
neural crest stem cells (NCSCs). More recently, cellsAnn Arbor, Michigan 48109
with similar properties were prospectively isolated from§Laboratory of Neural Stem Cell Biology
uncultured E14.5 fetal rat sciatic nerve, using specificThe Robarts Research Institute
cell surface antibodies (Morrison et al., 1999). Such sci-University of Western Ontario
atic nerve-derived NCSCs (sNCSCs; Figure 1A) areOntario NKA 568
multipotent and self-renew in vitro and in vivo as well.Canada
They also respond appropriately to instructive differenti-
ation signals such as bone morphogenetic protein-2
(BMP2) and glial growth factor-2 (GGF2)/neuregulin-1Summary
(Nrg1) (Shah et al., 1994; Shah et al., 1996; Shah and
Anderson, 1997; Morrison et al., 1999). These data sug-Rat neural crest stem cells (NCSCs) prospectively iso-
gest that multipotent, self-renewing stem cells migratelated from uncultured E14.5 sciatic nerve and trans-
from the neural crest and continue to self-renew in pe-planted into chick embryos generate fewer neurons
ripheral tissues late into gestation.than do NCSCs isolated from E10.5 neural tube ex-
It is not yet clear whether such postmigratory sNCSCsplants. In addition, they differentiate primarily to cho-
can generate all of the neuronal subtypes that normallylinergic parasympathetic neurons, although in culture
arise from the neural crest as a population (Le Douarinthey can also generate noradrenergic sympathetic
and Kalcheim, 1999). In vivo transplantation is a usefulneurons. This in vivo behavior can be explained, at
tool for assessing the differentiation capacities of iso-least in part, by a reduced sensitivity of sciatic nerve-
lated stem cell populations, because the host embryoderived NCSCs to the neurogenic signal BMP2 and
should contain all of the relevant differentiation signals,by the observation that cholinergic neurons differenti-
which may be difficult to identify in vitro. Mass culturesate at a lower BMP2 concentration than do noradren-
of rat neural crest cells (NCCs), derived from E10.5 neu-ergic neurons in vitro. These results demonstrate that
ral tube explants (Figure 1B, purple), can be transplantedneural stem cells can undergo cell-intrinsic changes
into host chick embryos where they differentiate into gliain their sensitivity to instructive signals, while main-
and neurons expressing appropriate subtype-specifictaining multipotency and self-renewal capacity. They
markers in sensory, sympathetic, and parasympatheticalso suggest that the choice between sympathetic and
ganglia (White and Anderson, 1999). A preliminary analy-parasympathetic fates may be determined by the local
sis of sNCSCs transplanted in this cross-species assayconcentration of BMP2.
demonstrated that these cells could also differentiate
into neurons and glia in peripheral ganglia (Morrison etIntroduction
al., 1999). While these results demonstrated that the
neurogenic capacity exhibited by sNCSCs in vitro is not
Neural stem cells are defined as multipotent, self-renewing a culture artifact, they left open the question of the range
undifferentiated cells that can give rise to one or more of neuronal subtype(s) that sNCSCs can generate.
classes of neurons as well as to nonneuronal cell types, To address this question, we have used a battery
including glia (Gage, 1998). Cells with these properties of neuronal subtype-specific markers to examine the
have been isolated from multiple regions of the embry- differentiation capacities of transplanted sNCSCs in
onic and adult CNS, as well as from the neural crest vivo. We find that although sNCSCs engraft and differen-
(Temple and Alvarez-Buylla, 1999; Gage, 2000). A great tiate to glia in all types of peripheral ganglia, they gener-
deal of interest has focused on the potential therapeutic ate neurons only in autonomic ganglia. Furthermore,
applications of neural stem cells (Gage et al., 1995b). while such neurons correctly express markers of cholin-
Such applications, however, require a better under- ergic differentiation in parasympathetic ganglia, they ex-
standing of the fundamental biological properties of hibit little or no noradrenergic differentiation in sympa-
these cells. In particular, a key issue is to clarify the thetic ganglia. Nevertheless, these cells can differentiate
developmental capacities of neural stem cells, and the to noradrenergic as well as cholinergic neurons in vitro,
extent to which such capacities are maintained through in response to BMP2. However, they are much less sen-
multiple self-renewing divisions (Morrison et al., 1997). sitive to BMP2 than are NCSCs from E10.5 neural tube
explants. Unexpectedly, cholinergic neuronal differenti-
ation by cultured sNCSCs was found to require a lowerk To whom correspondence should be addressed (e-mail: mancusog@
its.caltech.edu). concentration of BMP2 than does noradrenergic neu-
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Figure 1. Generation of sNCSC Chimeras
(A and B) Schematic of donor cell origin: E14.5 rat embryos, with hindlimb nerve in purple (arrowhead). (A) sNCSC are isolated by FACS; a
plot of dissociated sciatic nerve cells stained with P0 (vertical) and p75 (horizontal) is shown. The positively sorted stem cell population is
selected (purple box).
(B) Neural crest cells (NCCs) are obtained from explants of E10.5 rat neural tube.
(C) Schematic of a host stage 18 chicken embryo; arrows (purple) indicate somites where donor cells are typically injected.
(D) Both NCCs and sNCSCs injected into the forelimb level somites normally colonize sensory ganglia (DRG), peripheral nerve (PN), and
occasionally sympathetic ganglia (not shown).
(E) Hindlimb level grafts colonize structures such as the sympathetic ganglia (SG) and aortic plexus (AP) as well as the peripheral nerve (not
shown).
(F) Sacral level grafts colonize the pelvic plexus (PP) and Remak’s ganglion (R) and occasionally sympathetic structures.
Abbreviations: nt, neural tube; n, notochord; ao, aorta; g, gut; c, cloaca.
ronal differentiation. Taken together, the lower BMP2 al., 2000a). As a standard for comparison, we used mass
cultures of neural crest cells (NCCs) isolated from E10.5sensitivity of sNCSCs, and the lower BMP2 dose-depen-
rat trunk neural tubes (Figure 1B). The majority of thedence of cholinergic differentiation, can explain why
NCC population consists of self-renewing NCSCs (Shahtransplanted sNCSCs preferentially generate parasym-
et al., 1996), hereafter termed migratory NCSCs (mNCSCs)pathetic neurons in vivo. Our results suggest that neural
to distinguish them from sNCSCs. However, NCCs alsostem cells can undergo quantitative changes in their
contain a minor subpopulation (ca. 1%) of restrictedsensitivity to instructive neurogenic factors during nor-
sensory neuron precursors (Greenwood et al., 1999).mal development, while maintaining multipotency and
sNCSCs engrafted into chick embryos with an effi-self-renewal capacity. These changes can affect the
ciency comparable to NCCs (84 versus 89%; Table 1).neuronal subtypes generated by these stem cells in dif-
To determine whether our injection protocol (see Experi-ferent embryonic microenvironments.
mental Procedures) delivered comparable numbers of
the two cell populations, in one experiment, sNCSC and
Results NCC chimeric embryos were fixed immediately after in-
jection, sectioned, and analyzed for expression of the
Generation of sNCSC Chimeras and Detection neuregulin receptor c-erbB3, a marker expressed by
of Nonneuronal Donor Cells undifferentiated neural crest cells (Riethmacher et al.,
We wished to examine the differentiation capacities of 1997). From this experiment we estimate that an average
sNCSCs transplanted into host chick embryos. The injection consisted of about 400 to 450 cells regardless
p751P02 fraction isolated from E14.5 rat sciatic nerve of donor source (Table 1).
(Figure 1A; see Experimental Procedures) consists of To obtain an initial assessment of the extent of coloni-
zation of peripheral neural structures by transplanted80%–90% sNCSCs (Morrison et al., 1999; Morrison et
Neural Stem Cells and Autonomic Neurogenesis
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Table 1. Chimera Summary
Total Surviving Chimeras Chimeras Estimate of
Donor Type Chimeras Chimeras Analyzed with Graftsa Cells Injectedb
sNCSC 83 57 (69%) 56 (67%) 51 (89%) 448 6 185
NCC 71 58 (82%) 45 (63%) 38 (84%) 409 6 123
Freshly sorted p751P02 sciatic nerve-derived NCSCs were injected into stage 18 embryos and the embryos incubated for 3, 4, or 5 days.
Embryos similarly injected with freshly isolated neural crest cells (NCCs) were incubated for 3 or 4 days.
a Chimeras were scored as containing grafts if any rat cells were detected in sections. P01 or c-erbB31 cells were most commonly detected,
primarily in the peripheral nerves.
b 5 sNCSC chimeras and 4 NCC chimeras were fixed immediately after grafting, sectioned, and processed for c-erbB3 mRNA in situ hybridization.
Grafted cells were counted on 75% of sections, and the total number of injected cells per chimera was calculated.
sNCSCs, we first compared the phenotype, number, and zone, capsule, and occasionally associated with dorsal
root sensory ganglia (DRG; Figure 2B, arrow), as welldistribution of nonneuronal cells to that in NCC chimeras
(Table 2). Species-specific in situ hybridization for either as in peripheral nerve (Figure 2F). By grafting sNCSCs
to hindlimb level somites, we could observe donor non-the Schwann marker P0 or c-erbB3 was used to assess
nonneuronal fates. Comparison between sNCSC and neuronal cells in sympathetic ganglia (SG; Figure 2D,
arrow), as well as in peripheral nerve. No statisticallyNCC chimeras revealed that, overall, the numbers of
nonneuronal cells per section were similar regardless significant difference could be found in the extent of the
nonneuronal contributions to these engraftment sitesof which marker was used, and that the grafts extended
through a similar region in the anterior-posterior axis by sNCSCs and NCCs (Table 2, and data not shown).
(Table 2). After three days of incubation (to Hamilton-
Hamburger stage 29), an average of 600 rat cells per
embryo were recovered (range 5–1000 cells/embryo). It Transplanted sNCSCs Do Not Detectably
Differentiate to Sensory Neuronsis difficult to determine the extent to which this value
reflects cell proliferation versus cell death, because of sNCSCs gave rise to a subset of the neuronal subtypes
generated by transplanted NCCs. For example, whilethe variable leakage of cells from the injection wound.
Nevertheless, given the high proliferative capacity of the majority of NCC chimeras (11/15) exhibiting DRG
engraftment contained sensory neurons expressingsNCSCs in vitro (Morrison et al., 1999), and the fact
that the average number of cells recovered exceeds the SCG10 and Brn3.0 (see also White and Anderson, 1999),
none of 23 sNCSC chimeras with similar grafts containedaverage number of cells injected, it is likely that some
degree of cell proliferation occurred (although we cannot SCG101 or Brn3.01 cells in the sensory ganglia (Figure
2A, Table 3). Nevertheless, 21 of these 23 sNCSC chime-exclude the possibility that some cell death may have
occurred as well). ras contained grafts that colonized host sensory ganglia,
as assessed by the presence of graft-derived nonneu-Grafts of sNCSCs, like those of NCCs (White and An-
derson, 1999), can be generally directed to specific neu- ronal (P01 or c-erbB31) cells (Figure 2B, arrow and Table
2). Extending the incubation of sNCSC chimeras to stageral crest differentiation sites by controlling the axial level
of injection (Figure 1). Thus, by grafting sNCSCs to fore- 31 also did not yield SCG101 graft-derived neurons in
the host DRG (Figure 2A, arrow and Table 3, p 5 .001).limb level somites of stage 18 embryos, we could ob-
serve donor nonneuronal cells in the dorsal root entry These data suggest that even though sNCSCs can asso-
Table 2. Nonneuronal Contributions in sNCSC and NCC Chimeras
Nonneuronal Contributions Overall
Chimeras Analyzed Non-N Cells A-P Graft T Test Non-N T Test A-P
Donor Type for Non-N Per Sectiona Extent (mm) (p Value) (p Value)
sNCSC 32 10.4 6 1.7 890 6 72 0.61 0.94
NCC 8 12.2 6 2.5 900 6 120
Nonneuronal Contributions to DRG & SG
Non-N Non-N SG Non-N T Test
Donor Type DRG Grafts SG Graftsd Cells per Section SG (p Value)
sNCSC 21/23b 4/11 0.8 6 0.5 0.51
NCC 10/11c 5/8 1.3 6 0.5
a non-N: nonneuronal cells, determined by rat-specific c-erbB3 or P0 mRNA expression. Not all animals were analyzed for nonneuronal cells.
b Twenty-seven sNCSC chimeras received grafts directed to the DRG (forelimb level); of these, 23 were analyzed at stage 29 and examined
for nonneuronal contribution.
c Fifteen NCC chimeras received grafts directed to the DRG (forelimb level), and all were analyzed at stage 29. Only 11 were examined for
nonneuronal contribution; the other 4 were only examined for neuronal contribution to the DRG, and were positive.
d While neuronal contribution to the SG was occasionally observed regardless of the level of the graft, nonneuronal contribution to the SG
was only observed in animals receiving grafts with the highest likelihood of SG contribution (hindlimb level). Only animals receiving these
kinds of grafts were selected for this analysis.
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ciate with host DRG, they do not generate neurons in
these ganglia.
Reduced Autonomic Neurogenesis
by Transplanted sNCSCs
In contrast to their behavior in DRG, sNCSCs reproduci-
bly generated SCG101 neurons in host autonomic gan-
glia, as previously reported (Morrison et al., 1999). How-
ever, the number of neurons obtained was smaller than
that obtained from comparable numbers of injected
NCCs. In the sympathetic ganglia and aortic plexii, for
example, sNCSC-derived neurons were observed in 8
of 47 chimeras (17%), while they were seen in 12/38
(31%) of NCC chimeras (Table 3, Figure 2C, and Mor-
rison et al., 1999). Furthermore, in these noradrenergic
structures the average number of neurons in sNCSC
chimeras was only about 35%–40% of that in NCC chi-
meras (3.1 6 1.1 versus 8.2 6 1.4 neurons/section, re-
spectively; p 5 0.013; Table 3).
sNCSCs also contributed neurons to host parasympa-
thetic structures, but at a higher frequency than they
did to sympathetic structures. One hundred percent of
sNCSC chimeras grafted in the sacral level somites had
donor-derived neurons in both the pelvic plexus and in
Remak’s ganglion (Figures 1F and 2G, 2H, arrows; Table
3). Furthermore, sNCSCs contributed 2.5-fold more neu-
rons to the pelvic plexus than to the sympathetic ganglia
(Table 3). Nevertheless, the number of neurons per sec-
tion in the pelvic plexii of sNCSC grafts was still lower
than in NCC grafts, by almost an order of magnitude
(Figures 3A, 3E; Table 3). Thus, the extent of auto-
nomic neurogenesis obtained with grafted rat neural
crest-derived cells depends both on the source of the
cells, and on the site of engraftment.
SNCSC-Derived Neurons Preferentially Express
a Parasympathetic Phenotype
We next characterized the neuronal subtypes generated
from sNCSCs in different autonomic ganglia, using a
battery of specific markers (Table 4). In order to quantita-
tively compare the expression of such markers between
sNCSC and NCC grafts, we normalized the number of
cells per section expressing a given subtype marker to
the number of SCG101 neurons on an adjacent section.
The marker phenotype VAChT/ChAT1, GATA-21, TH2
distinguishes cholinergic parasympathetic neurons of
Figure 2. Neuronal and Glial Differentiation by Transplanted the pelvic plexus from both enteric and sympathetic
sNCSCs in the PNS neurons (Groves et al., 1995; White and Anderson, 1999;
(A–F) Sensory and sympathetic ganglia and peripheral nerve. Neigh- Table 4). Sympathetic neurons, in contrast, express the
boring sections are shown through dorsal root sensory ganglia (A, marker phenotype TH1, GATA-21, VAChT/ChAT2.
B); sympathetic ganglia (C, D) and peripheral nerve (E, F). (G, H)
Neurons that differentiated in the pelvic plexii of bothsections through parasympathetic ganglia: Remak’s ganglion (G)
NCC and sNCSC chimeras expressed the marker profileand the pelvic plexus (H). Sections in (A, C, E, G, and H) were
appropriate to a cholinergic parasympathetic pheno-processed for double-label in situ hybridization with chick-specific
(orange) and rat-specific (purple) probes for SCG10, a pan-neuronal type. However, the frequency of subtype marker-posi-
marker. Triangles in (A, C, G) indicate chick neurons; arrows in (C, tive cells was somewhat lower in the sNCSC chimeras.
G, and H) indicate rat SCG101 cells. Sections in (B, D, F) were For example, while in NCC chimeras the ratio of VAChT1
processed for in situ hybridization with a rat-specific probe for P0, cells to SCG101 neurons was close to unity (0.98 6 0.08;a marker of PNS glia. Arrows indicate P01 cells. Note the lack of
Figure 3I, white bars), in sNCSC grafts it was about halfdifferentiated rat neurons in the DRG (A), although rat cells engraft
that (0.55 6 0.12; Figure 3I, red bars). In NCC grafts,in this location (B). Scale bar in this and other figures, 50 mm.
the frequency of cells expressing GATA-2 was typically
lower than that of VAChT1 cells (0.65 6 0.15; p 5 0.05).
In sNCSC grafts, the frequency of GATA-21 cells was
Neural Stem Cells and Autonomic Neurogenesis
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Table 3. Neuronal Contributions in sNCSC and NCC Chimeras
Neuronal Contributions to Ganglia
Chimeras Neurons per T Test for
Host Location Donor Type with Neurons Section Neurons (p Value)
DRGa sNCSC 0/27 0
NCC 11/15 19.1 6 4.1 0.001
Sympb sNCSC 8/47 3.1 6 1.1
NCC 12/38 8.2 6 1.4 0.013
Parasympc sNCSC 14/14 8.1 6 2.0
NCC 8/8 85.7 6 39.3 0.037
a Twenty-seven sNCSC chimeras received DRG directed grafts (forelimb level); of these, 23 were analyzed at stage 29 and four were analyzed
at stage 31. Fifteen NCC chimeras received DRG directed grafts and all were analyzed at stage 29.
b Both sNCSC and NCC chimeras grafted at several positions were analyzed at stage 29. All rat-derived neurons in the sympathetic ganglia
and aortic plexii were counted.
c Fourteen sNCSC chimeras received plexus directed grafts (sacral level); of these, 8 were analyzed at stage 29 and six were analyzed at
stage 30. Eight NCC chimeras received plexus directed grafts; three were analyzed at stage 29 and five were analyzed at stage 30. Chimeras
scored as positive contained both pelvic plexus and Remak’s ganglion neurons. Only plexus neurons in stage 30 chimeras were counted.
also lower (0.39 6 0.12), but not significantly different such BMPs, than are the mNCSCs that constitute the
bulk of the NCC population. To test this possibility, wefrom NCCs (p 5 0.2). As expected, TH1 cells were rare
in both cases (0.02). In contrast to these subtype mark- directly compared the responsiveness of individual
sNCSCs and mNCSCs to BMP2 in vitro, by assayingers, the ratio of c-RET1 cells to neurons in the pelvic
plexus was slightly (although not significantly) higher in induction of the bHLH transcription factor Mash-1
(Johnson et al., 1990; Shah et al., 1996; Shah and Ander-sNCSC grafts (1.60 6 0.30) than in NCC grafts (0.99 6
0.06; Figures 3B, 3F, and 3I). Because c-RET marks son, 1997) after 24 hr of exposure to varying concentra-
tions of the growth factor.neuronal precursors as well as differentiated neurons
(Pachnis et al., 1993; Lo and Anderson, 1995), these The results of this experiment indicated that sNCSCs
were significantly less sensitive, on a per cell basis, todata might suggest that subtype marker expression by
sNCSC-derived precursors occurs more slowly than in BMP2 than were mNCSCs. The sensitivity of mNCSCs
to BMP2 stimulation in these experiments was similarNCC grafts.
Although sNCSCs engrafted and differentiated to neu- to that previously reported (Shah et al., 1996; Shah and
Anderson, 1997). Sixty percent of the mNCSCs capablerons in sympathetic ganglia (Figures 2C and 4A), they
expressed only a subset of the markers appropriate for of expressing Mash-1 did so at 0.25 ng/ml BMP2, and
a maximal response (80%–90% of surviving cells) wasthat location (TH1, GATA-21). For example, whereas in
NCC grafts the average number of GATA-21 cells per observed at 1 ng/ml (Figure 5A, diamonds). In contrast,
Mash-1 induction in sNCSCs was still linear betweensection was comparable to that of SCG101 cells (1.02 6
0.26; Figure 4G, white bar), in sNCSC grafts it was only 0.25 ng/ml and 25 ng/ml; the half-maximal response is
estimated at about 2 ng/ml, approximately 10-foldabout a third of that (0.32 6 0.18; Figure 4G, red bar).
TH1 cells were readily detected in NCC grafts, although higher than for mNCSCs (Figure 5A, squares). At 50
ng/ml BMP2, 50%–90% of sNCSCs expressed Mash-1their frequency was lower than that of GATA-21 cells
(0.40 6 0.20). By contrast, such TH1 cells were essen- protein, depending on the prep. This may indicate vari-
ability in the purity of some of the sNCSC preparationstially undetectable in sNCSC grafts: only a single TH1
cell was detected in 1/8 sNCSC chimeras (Figure 4C, used in these experiments. Nevertheless, the half-maxi-
mal response to BMP2 by sNCSCs was similar in eacharrow). Thus, in comparison to NCCs, sNCSC-derived
neurons more readily express the full profile of neuron preparation, suggesting that even in relatively pure pop-
ulations of sNCSCs, neurogenic responsiveness tosubtype-specific markers in parasympathetic than in
sympathetic ganglia, although they do express some BMP2 is significantly reduced in individual cells relative
to mNCSCs.pan-autonomic markers in the latter location (e.g.,
Phox2a [Morrison et al., 1999]). We were concerned that the reduced responsiveness
of freshly isolated sNCSCs to BMP2 might be due to
proteolytic cleavage of BMP receptors by the enzymesBMP2 Sensitivities of Freshly Isolated sNCSCs
and NCCs Correlate with Neurogenic used to dissociate the sciatic nerve tissue; such en-
zymes are not used in the preparation of mNCSCsCapacities In Vivo
In vitro, BMP2 and BMP4 instructively promote auto- (Stemple and Anderson, 1992). To control for this possi-
bility, in one experiment a set of sister sNCSC culturesnomic neuronal differentiation by both mNCSCs and
sNCSCs (Shah et al., 1996; Morrison et al., 1999). In vivo, was stimulated by BMP2 after being allowed to recover
in vitro for 48 hr. The dose–response profile of Mash-1these BMPs are expressed in the dorsal aorta (Reissman
et al., 1996; Shah et al., 1996) and are required for sym- induction by BMP2 in this experiment was similar to that
of freshly isolated sNCSCs (Figure 5A, “1’s”), sug-pathetic differentiation (Schneider et al., 1999). There-
fore, one explanation for the apparently reduced extent gesting that the decreased BMP2 responsiveness rela-
tive to mNCSCs is not likely to be an artifact of the cellof autonomic neuronal differentiation by sNCSCs in vivo
(Table 2) might be that these cells are less sensitive to isolation method. Taken together, these data show that
Neuron
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Figure 3. Induction of Parasympathetic Subtype-Specific Markers by sNCSC and NCC in Pelvic Plexus Grafts
(A–D) shows sections through the pelvic plexus of a stage 30 sNCSC chimera, grafted at the sacral level. (E–H) shows sections through the
pelvic plexus of a similarly grafted NCC chimera. Rat specific probes are developed with a purple stain (arrows); chick specific probes with
orange. Only SCG10 and GATA-2 were cohybridized with chick specific probes. (A, E) Rat neurons are observed in the pelvic plexus of both
sNCSC and NCC chimeras. (B, F) c-RET1 rat cells are observed on adjacent sections. (C, G) Both chimeras contain VAChT1 neurons. (D, H)
Some GATA-21 cells are observed in both chimeras. Inset in (D) shows an additional example of rat GATA-21 cells (purple) derived from an
sNCSC graft in another embryo. (I) Quantification of subtype specific markers, normalized to the average number of SCG101 cells per section
present in each animal. “*” indicates statistically significant difference according to a 2-tailed Student’s t test (p 5 .004); “**” indicates p 5 0.06.
individual freshly isolated sNCSCs are significantly less the Type 2 BMP receptor (BMPR2), and SMAD1. No
significant differences between sNCSCs and mNCSCssensitive to BMP2 than are mNCSCs. This decreased
sensitivity correlates with their reduced neurogenic ca- in the level of expression of BMPR2 or SMAD1 mRNAs
were detectable by this assay. However, the levels ofpability in vivo.
BMPR1 mRNA in sNCSCs freshly isolated from E14.5
sciatic nerve were significantly lower than in mNCSCs
Expression of BMP2 Signaling Molecules isolated from E10.5 neural tube explants (35%–40%; p ,
in sNCSCs .018 by 2-tailed Student’s t test), when normalized to
One obvious explanation for the decreased sensitivity actin, consistent with the lower sensitivity of sNCSCs
of sNCSCs to BMP2 is that they express lower levels of to BMP2. A similar difference, although of lesser magni-
BMP receptors or other components of the BMP signal tude (20%–25%), was also observed when the data were
transduction pathway. To investigate this possibility, we normalized to GAPDH. However, no difference between
used RT-PCR to measure the relative levels of expres- sNCSCs and mNCSCs was observed when the levels
of BMPR1 mRNA expression were normalized to HPRT.sion of mRNAs for the Type 1 BMP receptor (BMPR1),
Neural Stem Cells and Autonomic Neurogenesis
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Table 4. Markers Used to Determine Neuronal Subtype Differentiation by Transplanted sNCSCs and NCCs
Cell Type SCG10 Brn3.0 cRET TH ChAT/VAChT GATA-2
Sensory 1 1 1/2a 2 2 2
Symp. 1 2 1 1 2 1
Parasymp. 1 2 1 2 1 1
Enteric 1 2 1 2 1 2
a A subset of sensory neurons expresses c-RET. The table is an oversimplification, in that small subpopulations of neurons in sympathetic
(Symp.) ganglia express ChAT/VAChT, while small subpopulations of neurons in parasympathetic ganglia (Parasymp.) express TH. TH, tyrosine
hydroxylase; ChAT, choline acetyltransferase; VAChT, vesicular acetylcholine transporter.
Induction of Noradrenergic Differentiation (Figures 6D–6F), the majority of these neurons were still
TH2. Because sNCSCs transplanted in vivo readily ex-Requires a Higher Concentration of BMP2
Than Induction of Neurogenesis pressed cholinergic markers in pelvic parasympathetic
ganglia, we hypothesized that these TH2 neurons mightBMP2 has multiple effects on neural crest-derived cells
in vitro. It instructs mNCSC clones to differentiate into be cholinergic. In situ hybridization with a VAChT-spe-
cific probe, performed on clones grown in 0.1 ng/mlautonomic neurons (Shah et al., 1996), and induces ex-
pression of TH in mass cultures of avian neural crest BMP2 plus forskolin, revealed that some phase-bright,
process-bearing cells (Figure 7A, arrowheads), presum-cells (Varley et al., 1995; Reissman et al., 1996; Varley
and Maxwell, 1996). Recently, we have found that BMP2 ably neurons, express VAChT mRNA (Figure 7B, black
arrowhead), while others were unlabeled (Figure 7B,(together with 5 mM forskolin) will also induce expression
of the noradrenergic markers TH and DBH in cultured white arrowhead). 26% of colonies (10/39) in this condi-
tion contained VAChT1 cells, whereas only 4% of clonessNCSC-derived clones, if the cells are maintained in a
more physiological (5%) oxygen environment (Morrison (1/24) in sister cultures contained any TH1 positive cells.
At 1.0 ng/ml BMP2, 77% of clones (33/43) containedet al., 2000a). The latter result contrasts with our ob-
servation of reduced sympathetic-specific marker ex- some VAChT1 cells (Figure 7E, black arrowhead) with
a phase-bright, process-bearing neuronal morphologypression by sNCSC-derived neurons in vivo. Given our
observation that sNCSC are less sensitive to the neuron- (Figure 7D, arrowheads). These data indicate that at
least some of the TH2 autonomic neurons that developinducing activity of BMP2 than NCCs, we considered
the possibility that induction of TH expression might in these cultures express VAChT mRNA, and suggest that
VAChT expression is also promoted by BMP2 but requiresrequire a higher concentration of BMP2 than induction of
neurogenesis. If so, then a reduced sensitivity to BMP2 a lower concentration than does expression of TH.
To determine whether VAChT1 neurons could developmight also explain why sNCSCs show an even lower
frequency of TH expression than of SCG10 expression in the same colonies in which TH1 cells differentiated,
we performed double labeling experiments. At 1.0 ng/when transplanted to sympathetic ganglia in vivo.
To test this hypothesis, we cultured sNCSCs at clonal ml BMP2, some VAChT1 clones also contained TH1 cells
(Figure 7F, arrows), although there were also clonesdensity in growth media and physiological oxygen (5%
O2) conditions (Morrison et al., 2000a), and treated small containing VAChT1 but not TH1 cells. Clones stimulated
with 2.0 ng/ml BMP2 were similar to those stimulatedclones (,50 cells) 6 days after plating with varying
amounts of BMP2 and 5 mM forskolin. The cultures were with 1.0 ng/ml, in that the majority (.50%) of the pro-
cess-bearing cells were VAChT1, and some of the cellsthen incubated for 5 more days and then fixed for analy-
sis of marker expression. Although 56% of clones stimu- were TH1 (not shown). (The quenching of fluorescence
by the nonisotopic in situ hybridization signal precludedlated with forskolin alone contained a few neurons, addi-
tion of a small amount (0.1 ng/ml) of BMP2 increased an assessment of whether individual cells coexpressed
both TH and VAChT). These data indicate that underthe proportion of such neuronal clones to 85%. Never-
theless, these neurons did not express TH (Figures 6A– these culture conditions the clonal progeny of individual
sNCSCs include both TH1 and VAChT1 neurons, al-6C). However, addition of 0.5 ng/ml BMP2 caused a
significant (p 5 0.003) increase in the percentage of TH1 though cholinergic differentiation predominated, as was
the case in vivo. Not all phase-bright cells expressedclones (Figure 6G, circles). At 1 ng/ml BMP2, over half
of the neurogenic clones contained at least some TH1 detectable neurotransmitter. Such neurons might not
yet have expressed a differentiated neurotransmittercells (Figure 6F). The addition of greater amounts of
BMP2 (2 ng/ml) did not further stimulate the differentia- phenotype; alternatively they might express a different
phenotype not detected by our markers.tion of TH1 neurons (data not shown). Taken together,
these data suggest that the induction of noradrenergic
differentiation in sNCSCs occurs at a higher concentra- BMP2 Expression in Pelvic Structures
during Developmenttion of BMP2 than does induction of neuronal differenti-
ation. The foregoing data indicated that BMP2 can induce
sNCSCs to differentiation to autonomic neurons that
express a cholinergic phenotype, as well as to noradren-Expression of Cholinergic and Noradrenergic
Markers Occurs at Different Concentrations ergic neurons expressing TH. While it is well established
that BMP family members are expressed in the dorsalof BMP2
Although the addition of 0.5–1.0 ng/ml BMP2 induced aorta at the correct time to induce neighboring sympa-
thetic neurons (Reissman et al., 1996; Shah et al., 1996;the differentiation of TH1/NF1 process-bearing neurons
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Figure 4. Expression of Sympathetic Sub-
type-Specific Markers by sNCSC Grafts in
Sympathetic Ganglion and Aortic Plexus
(A–C) shows sections through the aortic
plexus of a stage 29 sNCSC chimera, grafted
at the hindlimb level. (D–F) shows sections
through the aortic plexus of a similarly grafted
NCC chimera. Rat specific probes are devel-
oped with a purple stain (arrows); chick spe-
cific probes with orange (panels [A] and [B]
only). (A, D) Small clumps of neurons are ob-
served in both chimeras. (B, E) Both animals
have rat-specific GATA-2 staining. Fewer
GATA-21 cells are observed in the sNCSC
chimera. (C, F) Rat-specific TH staining re-
veals one positive cell in a single sNCSC chi-
mera, and several in the NCC chimera. This
is the only sNCSC-derived TH1 cell observed
in all sympathetic structures in 51 chimeras.
(G) Quantification of GATA-2 and TH expres-
sion, normalized to the average number of
SCG101 cells present in each animal. “*” indi-
cates p 5 .06 by a 2-tailed Student’s t test.
da: dorsal aorta.
Schneider et al., 1999), no similar inducing structures during neural crest colonization. At E12.5, neural crest
cells, detected by expression of Sox10 (Kuhlbrodt etfor parasympathetic ganglia have been identified. We
therefore sought to determine whether BMP expression al., 1998), can be observed migrating through pelvic
mesenchyme in sections caudal to the hindlimb (Figurescould be detected in the vicinity of the pelvic anlagen
8A and 8C; arrows). BMP2 mRNA expression was de-
tected in the caudal region of the cloaca (Figure 8D,
arrowhead), but its expression in the rostral portion was
more equivocal due to the relatively high background
obtained with this probe (Figure 8B). Adjacent sections
hybridized for BMP4 were negative (data not shown).
These data indicate that the caudal cloaca, a structure
proximal to the pelvic ganglion anlagen that develops
into the rectal hindgut (Kaufman, 1992), expresses
BMP2 at the appropriate time to induce parasympa-
thetic autonomic neuronal differentiation. Thus, the in-
duction of cholinergic neurons by BMP2 observed in
vitro may reflect a normal function of this molecule in
the development of parasympathetic ganglia in vivo.
Discussion
Figure 5. Reduced Sensitivity to BMP2 in sNCSCs in Comparison
to mNCSCs
In this study, we assessed the neuron subtype differenti-
A dose–response of Mash-1 induction by BMP2 in mNCSCs and
ation potential of postmigratory NCSCs isolated fromsNCSCs is shown. The percentage of Mash-1-positive cells after 24
fetal sciatic nerve, by direct transplantation in vivo.hr of exposure to BMP2 at the indicated concentration was deter-
mined by antibody staining, and is graphed as a fraction of the Grafted sNCSCs differentiated readily to parasympa-
maximal response. The maximal response for mNCSCs was 80%– thetic cholinergic neurons, and expressed a subset of
90%, and for sNCSCs was 50%–90%, depending on the preparation. autonomic markers in sympathetic ganglia. Sensory
Note that allowing sNCSCs to recover from enzymatic dissociation neurons were never observed. In vitro, sNCSCs differen-
for 48 hr in vitro (1’s) does not restore their BMP2-sensitivity to
tiated to both cholinergic and noradrenergic autonomiclevels comparable to mNCSCs (r’s). This indicates that the lower
neurons in response to BMP2. However, they exhibitedsensitivity of sNCSCs (h’s) is unlikely to be due to proteolytic cleav-
age of BMP receptors during cell dissociation. reduced sensitivity to BMP2 in comparison to mNCSCs
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Figure 6. Induction of TH Expression Requires a Higher Concentration of BMP2 Than Induction of Neuronal Differentiation
(A–C) shows a typical sNCSC clone stimulated with 0.1 ng/ml BMP2 and 5 mM forskolin. (D–F) shows a typical sister clone stimulated with
1.0 ng/ml BMP2 and 5 mM forskolin. Clones in both conditions contain neurons (B, E); TH1 neurons are only observed at the higher BMP2
concentration (F). (B, E) and (C, F) are matched exposures at 2003 magnifications, scanned identically. Although clones at both 0.1 and 1.0
ng/ml of BMP2 contain neurons, more neurons are observed per clone at the higher concentration (not illustrated). Note that while some
neurons stimulated with 1.0 ng/ml BMP2 coexpress TH and NF, many do not. (G) Quantification of positive clones in three independent
experiments. na: no add.
from earlier embryos. Unexpectedly, cholinergic differ- due to reduced grafting efficiency by sNCSCs, because
comparable numbers of nonneuronal cells engrafted inentiation by sNCSCs occurred at a lower concentration
of BMP2 than did noradrenergic differentiation. Taken autonomic ganglia of sNCSC and NCC chimeras. Rather,
the data suggest that sNCSCs, which engraft in periph-together, these in vitro data can explain why sNCSCs
predominantly generate cholinergic parasympathetic eral autonomic ganglia, are less likely to differentiate to
neurons, and more likely to differentiate to glia, than areneurons when transplanted in vivo, and suggest that the
choice between parasympathetic and sympathetic fates NCCs.
Our in vitro studies of sNCSCs suggest a plausiblemay be determined, at least in part, by both local BMP2
concentrations and the sensitivity of progenitor cells to cellular explanation for their reduced autonomic neuro-
BMP2. genic capacity in vivo. On a clonal basis, sNCSCs are
10-fold less responsive to the neuronal differentiation-
inducing activity of BMP2, compared to mNCSCs de-The Autonomic Neurogenic Capacity of NCSCs
rived from the E10.5 neural tube explants. In the pres-from Different Sources Is Reflected in Their
ence of a saturating dose of BMP2 (50 ng/ml), however,Sensitivity to BMP2
most cells from both populations initiated autonomicThe principal aim of this study was to examine in detail
neuronal differentiation, as measured by Mash-1 induc-the differentiation capacities of prospectively isolated
tion. Taken together, these data suggest that the de-sNCSCs transplanted in vivo. sNCSCs were 2–3-fold
creased neurogenic activity of the sNCSCs populationless likely than NCCs to differentiate to neurons in sym-
in vivo is likely to reflect the decreased sensitivity ofpathetic ganglia, and over 10-fold less likely to differenti-
sNCSCs to BMP2. Such a conclusion is further sup-ate to neurons in the parasympathetic pelvic plexus.
This difference in autonomic neurogenic capacity is not ported by evidence that BMP2 is important for auto-
Neuron
66
Figure 7. sNCSC Clones Express VAChT in Both Low and High Con-
centrations of Exogenous BMP2
(A–C) shows a sNCSC clone stimulated with 0.1 ng/ml BMP2. (D–F)
shows a sNCSC clone stimulated with 1.0 ng/ml BMP2. In both
conditions, 5 mM forskolin was also added with the BMP2. (A, D)
Phase bright, process-bearing cells (arrowheads) are observed in
both conditions. (B, E) Neurons in both conditions express VAChT Figure 8. BMP2 Is Expressed in the Caudal Cloaca in Rats during
mRNA (filled arrowheads). Note that VAChT- neurons are also ob- Sacral Crest Migration to the Pelvic Plexus
served (open arrowheads), demonstrating the specificity of the in All pictures are of transverse sections through the caudal region of
situ hybridization signal. (C, F) No TH immunofluorescence is ob- an E12.5 rat embryo. The cloaca (c) and pronephros (p) are outlined
served in the lower concentration of BMP2 (C), while three TH1 cells in gray. (A, B) Sequential sections through the rostral half of the
are also observed in the clone stimulated with 1.0 ng/ml BMP2 (F, cloaca shows Sox101 neural crest cells (arrows), but no BMP2 is
arrows). The same three cells are marked in (D) and (E) (arrows); detected in nearby structures. (C, D) Sequential sections posterior
the lower cell appears to be in the same clump as the VAChT1 to those in (A, B) shows that BMP2 message can be detected in
neurons. the caudal cloaca (D, arrowhead) at the same time that Sox101
neural crest cells (C, arrows) are migrating to this region. The caudal
cloaca will become the rectum, and the mesenchyme around this
nomic neurogenesis not only in vitro (Varley et al., 1995; structure contains the presumptive pelvic ganglion anlagen.
Reissman et al., 1996; Shah et al., 1996; Varley and
Maxwell, 1996), but in vivo as well (Schneider et al.,
1999).
tion, and because sNCSCs are also derived from theSuch an explanation begs the question of whether the
trunk neural crest, a lineage relationship between thesedifference in the BMP2 sensitivity of E10.5 mNCSCs and
cells is likely to exist. Nevertheless, we cannot formallyE14.5 sNCSCs reflects selection or rather conversion.
exclude that sNCSCs derive from a subpopulation ofIn the former case, the mNCSC population might contain
multipotent precursors present among NCCs, but nota subpopulation of sNCSC-like cells that are less sensi-
detectable by our in vitro clonogenic assays.tive to BMP2. The decreased BMP2 sensitivity of the
The molecular basis for the difference in BMP2 sensi-E14.5 sNCSC population might then reflect the selective
tivity between sNCSCs and mNCSCs is not yet clear.survival or expansion of this subpopulation, rather than
An obvious explanation is a reduced expression, ina time-dependent change in the sensitivity of mNCSCs
sNCSCs, of one or more components of the BMP2 sig-to BMP2. However, we observed no evidence of a dis-
naling pathway. Semi-quantitative RT-PCR measure-tinct subset of mNCSCs that responded poorly to low
ments provide suggestive correlative evidence thatconcentrations of BMP2 in the clonal Mash1 induction
BMPR1 mRNA may be expressed at a slightly lowerassays, as indicated by the lack of a biphasic dose–
level in sNCSCs than in mNCSCs, although the extentresponse curve in Figure 5A. This argues that the
of the difference varies with the normalization standardmNCSCs used in the BMP2 induction assays respond
employed for reasons that are not clear. Given this vari-as a homogenous population to the growth factor. Such
ability, and the small magnitude of the difference (1.5-homogeneity would favor developmental conversion,
fold at best), it seems unlikely that a decrease in BMPrather than selection, as an explanation for the reduced
receptor gene expression is sufficient to account forBMP2-responsiveness of sNCSCs. We have not directly
the lower BMP2 sensitivity of sNCSCs. More extensivedemonstrated a lineal relationship between mNCSCs
correlative, as well as functional, studies of both positiveand sNCSCs, however. Nevertheless, because mNCSCs
and negative regulators of BMP signaling and neurogen-constitute most if not all of the multipotent precursors
detectable in the migrating trunk neural crest popula- esis expressed in sNCSCs will be required to understand
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the observed changes in the functional properties of the selection against a subpopulation of committed sensory
precursors present in the former population (Greenwoodcells.
et al., 1999), although restriction to an autonomic lineage
is also possible. In any case, the qualitative and quantita-
tive differences in autonomic neuronal differentiationsNCSCs and Sensory Neurogenesis
sNCSCs did not detectably differentiate to neurons in that we observe between NCCs and sNCSCs most likely
reflect a time-dependent decrease in the BMP2-sensi-dorsal root sensory ganglia, in contrast to the trans-
planted E10.5 NCC population. This difference could tivity of NCSCs.
reflect an inability of sNCSCs to “read out” a sensory
fate in our in vivo assay, for example due to a cross-
Transplantation of Uncultured Neural Stem Cellsspecies barrier. Such an explanation requires that the
Reveals Biases in Developmental Capacitiessensory neurons that do differentiate from transplanted
Studies of transplanted CNS neural stem cells have em-NCCs (White and Anderson, 1999) derive exclusively
phasized their broad developmental capacities. Stemfrom a subpopulation of committed sensory progenitors,
cells cultured from various regions of the CNS can un-rather than from multipotent stem cells. We have indeed
dergo apparently correct site-specific neuronal subtyperecently identified a small (,1%) subpopulation of com-
differentiation when transplanted into heterologousmitted sensory progenitors in E10.5 neural tube explant
brain regions (Gage et al., 1995a; Suhonen et al., 1996;cultures (Greenwood et al., 1999), but whether these
Brustle et al., 1998; Fricker et al., 1999). More recentcells are the sole source of the sensory neurons that
work has attributed nonneural capacities to such cellsdifferentiate in NCC grafts is not clear. Alternatively, the
as well (Bjornson et al., 1999; Clarke et al., 2000).failure of sNCSCs to generate sensory neurons could
The results reported here run counter to this trend:reflect a restriction of these cells to an autonomic lin-
isolated sNCSCs transplanted in vivo without interimeage. In that case, the sensory neurons generated by
culture manipulations exhibit restrictions or biases intransplanted NCCs could be derived either from com-
the subtypes of neurons they generate. It is noteworthy,mitted progenitors, or from a more primitive ancestral
furthermore, that while the sNCSCs and NCCs werecell with dual sensory-autonomic capacity (or from
injected into the somites, they apparently did not incor-both).
porate into paraxial mesoderm or differentiate into me-We have thus far been unable to obtain evidence for
sodermal cell types, but rather homed to and differenti-the existence of dual sensory-autonomic progenitors in
ated within normal neural crest-derived structures. It isNCC cultures, using either in vitro or in vivo assays.
possible that PNS neural stem cells are more restrictedSensory neuron differentiation is not observed in clonal
in their developmental potentials than are CNS stemcultures of mNCSCs under our current conditions. Fur-
cells. However, in contrast to sNCSCs, which are pro-thermore, when NCCs are injected into chick embryos
spectively isolated from uncultured tissue, CNS stemafter replating, like sNCSCs, they generate autonomic
cells are currently isolated by growth under highly selec-but not sensory neurons (P. M. W. and D. J. A., our
tive conditions in vitro. It will be interesting to directlyunpublished data). Because the majority ($90%) of re-
compare the developmental capacities of cultured andplated NCCs consist of mNCSCs (Shah et al., 1996),
uncultured CNS stem cells, once methods for the pro-these data suggest that mNCSCs, as well as sNCSCs,
spective isolation of such cells become available.fail to generate sensory neurons in our in vivo assay.
Therefore, while we cannot exclude the possibility that
both mNCSCs and sNCSCs have sensory potential that BMPs May Regulate the Choice between
is not revealed by either our current in vitro or in vivo Sympathetic And Parasympathetic Fates
assays, these data are consistent with the idea that both It is widely assumed that sympathetic and parasympa-
sNCSCs and mNCSCs, while multipotent, are restricted thetic neurons differentiate from a common precursor,
to an autonomic fate. Precedent for the existence of because noradrenergic sympathetic neurons can switch
postmigratory neural crest cells with autonomic but not to a cholinergic phenotype in response to target-derived
sensory capacity has been provided by quail-chick signals (Patterson, 1978; Francis and Landis, 1999).
grafting experiments (Le Douarin, 1986), but whether However, sympathetic and parasympathetic neurons
such restricted precursors could generate both neurons derive from different axial levels of the neural crest (Le
and glia was not investigated. Assuming that NCSCs Douarin, 1980). Consequently, it has not been possible
derive from an ancestral progenitor with dual sensory- to directly demonstrate using in vivo lineage tracing
autonomic capacity (Bronner-Fraser and Fraser, 1991), techniques (Bronner-Fraser and Fraser, 1991) that these
the implication is that some neural stem cells may un- two classes of autonomic neurons can differentiate from
dergo restrictions in their neuron subtype capacities a common neural crest precursor. The in vitro clonal
before choosing between neuronal and glial fates. Such analysis presented here provides the first such direct
an idea runs counter to prevailing views of lineage segre- evidence. (Although the expression of cholinergic mark-
gation in the nervous system. ers alone formally does not distinguish whether sNCSC-
In summary, we interpret our data to suggest that derived neurons are parasympathetic, or cholinergic
both selection and conversion may contribute to the sympathetic (Patterson, 1978) neurons, the fact that
observed differences in the subtypes of peripheral neu- these cells also express cholinergic markers in parasym-
rons generated by E10.5 NCCs and E14.5 sNCSCs trans- pathetic ganglia when transplanted in vivo makes it
planted in vivo. The fact that NCCs differentiate to sen- highly likely that they are parasympathetic.) The differen-
tiation of cholinergic neurons, like that of noradrenergicsory neurons, while sNCSCs do not, may reflect in vivo
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Figure 9. Morphogens Control Cell Fate De-
termination in Both Stationary and Migrating
Cells
(A) Classic morphogen scenario in which a
concentration gradient of a signal (shaded
blue line) derived from an organizing center
(purple cells) patterns a stationary two-dimen-
sional sheet of cells. The cells acquire two
different fates (red or green) at distinct con-
centration threshholds of the signal (high ver-
sus low, respectively).
(B) Morphogen action in the neural crest. A
population of cells delaminates from an epi-
thelial sheet (yellow spheres) and migrates to
different target tissues in the periphery ex-
pressing higher (A) or lower (B) concentra-
tions of a morphogen-like substance. The
cells then acquire different fates according
to the local concentration of the signal: red
at high concentrations, green at low concen-
trations. Note that some green cells are found
distal to the high concentration site (“A”),
while some red cells are found proximal to
the low concentration site (“B”). Such a
mechanism may explain the observation of
some cholinergic cells in sympathetic ganglia
and noradrenergic cells in some parasympa-
thetic ganglia (Ernsberger and Rohrer, 1999;
Guidry and Landis, 1998; Keast et al., 1989).
neurons, was promoted by BMP2 (Lo´pez-Coviella et sites of neural crest migration in vivo. Our data indicate
that BMP2 is expressed in at least one tissue, the cloaca,al., 2000). Unexpectedly, however, it required a lower
concentration of the factor than did sympathetic differ- near which parasympathetic neurons differentiate. How-
ever, it is currently not possible to measure the actualentiation.
These in vitro data suggest an explanation for our concentrations of BMP2 in sympathetic versus para-
sympathetic anlagen in vivo. Moreover, the level of BMPobservation that sNCSC-derived grafts more readily ex-
press parasympathetic than sympathetic markers in activity may be further influenced by various antagonists
(Piccolo et al., 1996; Zimmerman et al., 1996). Neverthe-vivo. Because noradrenergic differentiation by sNCSCs
in culture requires a higher concentration of BMP2 than less, the concept that different levels of BMP activity
may control the differentiation of cholinergic versus nor-does cholinergic differentiation, given that sNCSCs are
relatively less sensitive to BMPs, one would predict that adrenergic neurons in different peripheral autonomic
ganglia would explain why sympathetic ganglia typicallytransplanted sNCSCs would differentiate more readily
into cholinergic than noradrenergic neurons in vivo, contain a few cholinergic cells (Ernsberger and Rohrer,
1999), while parasympathetic ganglia typically containwhich is exactly what we observe.
Our data therefore suggest that BMPs, in addition some TH1 cells (Keast et al., 1989; Guidry and Landis,
1998).to regulating sympathetic neuronal differentiation, may
also regulate the choice between sympathetic and para- The notion that different concentrations of BMP-fam-
ily members can control the differentiation of differentsympathetic fates, in a concentration-dependent man-
ner. This fate choice should thus be determined by both cell types (Smith, 1995; Nellen et al., 1996; Dale and
Jones, 1999), including different classes of neurons (Liemthe sensitivity of neural crest cells to BMPs, and by the
local concentration of these factors in different target et al., 1995; Liem et al., 1997), is now well accepted. How-
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Immunocytochemistry and In Situ Hybridization to Culturesever, in most of these systems, a concentration gradient
To assay Mash-1 induction in response to BMP2, 100–200 cells,of BMP molecules acts across a stationary field of re-
either NCCs or sNCSCs, were plated into 35 mm dishes in sNCSCsponding cells to pattern their differentiation (Figure 9A).
medium. Two hours after plating, between 0 and 50 ng/ml of BMP2
By contrast, in the case of the neural crest, it is the cells was added, and the cells returned to the incubator. After an addi-
that migrate to the source of the signals, rather than the tional 22 hr, cells were fixed, permeabilized, and stained for 1 hr
at room temperature with a 1:1 dilution of anti-Mash-1 hybridomasignals that diffuse across the cells (Figure 9B). Our
supernatant. The cultures were washed and developed using anresults suggest that, despite superficial differences in
ABC kit (Vector) and nickel-diaminobenzidine. Positive and totalcellular behavior, the patterning of differentiation by
nuclei were counted. The Mash-1 inducible response was calculatedmigratory progenitor cells and stationary two-dimen-
by subtracting the background level of Mash-1 expression as deter-
sional sheets of cells may both involve the concentra- mined in the no-add condition (typically 10% of inducible cells for
tion-dependent control of cell fate by diffusible factors both populations), and dividing by the maximally induced level. The
latter was determined by the response to 50 ng/ml BMP2 additionsuch as BMPs. If so, then developmental changes in
minus background, and varied between 50%–90% of cells, de-sensitivity to such morphogens in self-renewing stem
pending on the preparation.cells may have an important influence on the types of
To assay TH and neurofilament induction in sNCSC-deriveddifferentiated progeny they can generate, such as docu-
clones, 60–80 sNCSCs were directly sorted into 6-well culture dishes
mented here for sNCSCs. containing sNCSC medium for 6 days. The cultures were then fed
with fresh media plus 0–2 ng/ml BMP2 1 5 mM forskolin. Addition
Experimental Procedures of these factors to clones prior to day 6 failed to induce TH expres-
sion. After an additional 5 days, cultures were fixed, permeabilized,
Isolation of Rat Precursor Cells and stained with antibodies to neurofilament (rabbit polyclonal;
Neural crest cells were obtained as previously described from E10.5 [Chemicon]) and TH (monoclonal; [Sigma]), and developed with
neural tube explants. (Shah et al., 1994) The culture medium was ALEXA-568- conjugated goat anti-rabbit (Molecular Probes) and
as described (Stemple and Anderson, 1992) except that it contained FITC-conjugated goat anti-mouse IgG (Jackson Labs) secondary
15% chicken embryo extract and no retinoic acid. After 24 hours in antibodies, respectively. Positive and negative clones were scored
culture, the neural tubes were scraped away, and neural crest cells in three independent experiments.
were collected with a 10 min EDTA incubation. sNCSCs were ob- To combine fluorescent antibody staining for TH with nonisotopic
tained as previously described (Morrison et al., 1999) from E14.5 in situ hybridization for VAChT, the cultures were first hybridized
sciatic nerves. The p751/P02 cells were sorted on a FACSVantage with a VAChT antisense cRNA probe and developed with NBT/BCIP
dual laser flow cytometer (Becton-Dickinson). as previously described (White and Anderson, 1999). The cultures
were then washed, blocked in 2% goat serum, and incubated with
Grafting of Cell Suspensions anti-TH antibody overnight at 48C. The TH antibody was visualized
Fertile white Leghorn eggs were incubated to Hamburger and Hamil- with goat anti-mouse secondary conjugated to ALEXA-488 (Molecu-
ton stage 18 (Hamburger and Hamilton, 1951) and grafted as de- lar Probes).
scribed previously (White and Anderson, 1999). Manipulated em-
bryos were incubated for an additional 3 days to stage 29, prior
to fixation, except as mentioned in Results. 80%–90% of injected Acknowledgments
animals had detectable rat cells 3 days post surgery. Embryos were
fixed and processed for in situ hybridization as described (White We thank the R. Edwards lab at UCSF for VAChT cDNA, Vicki Rosen
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berg), which was flushed daily with a custom gas mixture of 5%
Received August 21, 2000; revised October 23, 2000.CO2/1%O2 at 7.5 liters per minute, for 90 s. This method maintains
cultures at more physiological oxygen concentrations (Morrison et
al., 2000a).
References
Semi-Quantitative RT-PCR
Anderson, D.J. (1997). Cellular and molecular biology of neural crestTotal RNA was isolated from 500–2500 cells using either the micro
cell lineage determination. Trends Genet. 13, 276–280.mRNA isolation kit (Strategene), or by the method of (Chomczynski
and Sacchi, 1987) as modified previously (Verdi and Anderson, Bjornson, C.R.R., Rietze, R.L., Reynolds, B.A., Magli, M.C., and Ves-
1994). The RNA was pelleted and resuspended in 7 ml DEPC-treated covi, A.L. (1999). Turning brain into blood: A hematopoietic fate
water, primed using Oligo-dT (Gibco) and reverse transcribed using adopted by adult neural stem cells in vivo. Science 283, 534–537.
Superscript II in a 25 ml reaction volume. One tenth of the resulting
Bronner-Fraser, M., and Fraser, S.E. (1991). Cell lineage analysis ofcDNA was used to amplify actin for 45 cycles (958C 1min, 558C 30
the avian neural crest. Development 2, 17–22.s, 728C 1 min) using Advantage Polymerase (Clontech) or Platinum
Tag (Gibco). The different input cDNA samples were diluted with Brustle, O., Choudhary, K., Karram, K., Huttner, A., Murray, K., Du-
water to the same final concentration based on a preliminary esti- bois-Dalcq, M., and McKay, R.D. (1998). Chimeric brains generated
mate of actin content. 2 ml of cDNA from each sample were then by intraventricular transplantation of fetal human brain cells into
amplified in triplicate with specific primers for BMPR1, BMPR2, embryonic rats. Nat. Biotechnol. 16, 1040–1044.
SMAD1, and actin (sequences and conditions available upon re-
Chomczynski, P., and Sacchi, N. (1987). Single-step method of RNAquest) in the presence of tracer 32PdCTP, for 40 cycles. Primers
isolation by acid guanidinium thiocyanate-phenol-chloroform ex-specific for GPDH were added to each sample to normalize for well-
traction. Anal. Biochem. 162, 156–159.to-well variation. Amplification products were electrophoresed on
a 2% Agarose-TAE gel or a 6% acylamide-TBE gel, dried, and quan- Clarke, D.L., Johansson, C.B., Wilbertz, J., Veress, B., Nilsson, E.,
Karlstrom, H., Lendahl, U., and Frisen, J. (2000). Generalized poten-tified by phosphorimaging as previously described (Verdi et al.,
1996). tial of adult neural stem cells. Science 288, 1660–1663.
Neuron
70
Dale, L., and Jones, C.M. (1999). BMP signaling in early Xenopus Morrison, S.J., Csete, M., Groves, A.K., Melega, W., Wold, B., and
Anderson, D.J. (2000a). Culture in reduced levels of oxygen pro-development. Bioessays 21, 751–760.
motes clonogenic sympathoadrenal differentiation by isolated neu-Ernsberger, U., and Rohrer, H. (1999). Development of the choliner-
ral crest stem cells. J. Neurosci. 20, 7370–7376.gic neurotransmitter phenotype in postganglionic sympathetic neu-
rons. Cell Tissue Res. 297, 339–361. Morrison, S.J., Perez, S.E., Zhou, Q., Verdi, J.M., Hicks, C., Weinmas-
ter, G., and Anderson, D.J. (2000b). Transient Notch activationFrancis, N.J., and Landis, S.C. (1999). Cellular and molecular deter-
causes an irreversible switch from neurogenesis to gliogenesis byminants of sympathetic neuron development. Annu. Rev. Neurosci.
neural crest stem cells. Cell 101, 499–510.22, 541–566.
Morrison, S.J., Shah, N.M., and Anderson, D.J. (1997). RegulatoryFricker, R.A., Carpenter, M.K., Winkler, C., Greco, C., Gates, M.A.,
mechanisms in stem cell biology. Cell 88, 287–298.and Bjorklund, W. (1999). Site-specific migration and neuronal differ-
entiation of human neural progenitor cells after tranplantation in the Morrison, S.J., White, P.M., Zock, C., and Anderson, D.J. (1999).
adult rat brain. J. Neurosci. 19, 5990–6005. Prospective identification, isolation by flow cytometry, and in vivo
self-renewal of multipotent mammalian neural crest stem cells. CellGage, F. (2000). Mammalian neural stem cells. Science 287, 1433–
96, 737–749.1438.
Nellen, D., Burke, R., Struhl, G., and Basler, K. (1996). Direct andGage, F.H. (1998). Stem cells of the central nervous system. Curr.
long-range action of a DPP morphogen gradient. Cell 85, 357–368.Op. Neuro. 8, 671–676.
Pachnis, V., Mankoo, B., and Costantini, F. (1993). Expression of theGage, F.H., Coates, P.W., Palmer, T.D., Kuhn, H.G., Fisher, L.J.,
c-ret proto-oncogene during mouse embryogenesis. DevelopmentSuhonen, J.O., Peterson, D.A., Suhr, S.T., and Ray, J. (1995a). Sur-
119, 1005–1017.vival and differentiation of adult neuronal progenitor cells trans-
planted to the adult brain. Proc. Natl. Acad. Sci. USA 92, 11879– Patterson, P.H. (1978). Environmental determination of autonomic
11883. neurotransmitter functions. Ann. Rev. Neurosci. 1, 1–17.
Gage, F.H., Ray, J., and Fisher, L.J. (1995b). Isolation, characteriza- Piccolo, S., Sasai, Y., Lu, B., and DeRobertis, E.M. (1996). Dorsoven-
tion and use of stem cells from the CNS. Annu. Rev. Neurosci. 18, tral patterning in Xenopus - inhibition of ventral signals by direct
159–192. binding of chordin to BMP-4. Cell 86, 589–598.
Greenwood, A.L., Turner, E.E., and Anderson, D.J. (1999). Identifica- Reissman, E., Ernsberger, U., Francis-West, P.H., Rueger, D., Brick-
tion of dividing, determined sensory neuron precursors in the mam- ell, P.D., and Rohrer, H. (1996). Involvement of bone morphogenetic
malian neural crest. Development 126, 3545–3559. protein-4 and bone morphogenetic protein-7 in the differentiation
of the adrenergic phenotype in developing sympathetic neurons.Groves, A.K., George, K.M., Tissier-Seta, J.-P., Engel, J.D., Brunet,
Development 122, 2079–2088.J.-F., and Anderson, D.J. (1995). Differential regulation of transcrip-
tion factor gene expression and phenotypic markers in developing Riethmacher, D., Sonnerberg-Riethmacher, E., Brinkmann, V., Ya-
sympathetic neurons. Development 121, 887–901. maai, T., Lewin, G.R., and Birchmeier, C. (1997). Severe neuropathies
in mice with targeted mutations in the erbB3 receptor. Nature 389,Guidry, G.L., and Landis, S.C. (1998). Developmental regulation of
neurotransmitters in sympathetic neurons. Adv. Pharmacol. 42, 725–730.
895–898. Schneider, C., Wicht, H., Enderich, J., Wegner, M., and Rohrer, H.
Hamburger, V., and Hamilton, H. (1951). A series of normal stages (1999). Bone morphogenetic proteins are required in vivo for the
in the development of the chick embryo. Journal of Morphology 88, generation of sympathetic neurons. Neuron 24, 861–870.
49–92. Shah, N.M., and Anderson, D.J. (1997). Integration of multiple in-
Johnson, J.E., Birren, S.J., and Anderson, D.J. (1990). Two rat homo- structive cues by neural crest stem cells reveals cell-intrinsic biases
logues of Drosophila achaete-scute specifically expressed in neu- in relative growth factor responsiveness. Proc. Natl. Acad. Sci. USA
ronal precursors. Nature 346, 858–861. 94, 11369–11374.
Kaufman, M.H. (1992). The Atlas of Mouse Development, Academic Shah, N.M., Groves, A., and Anderson, D.J. (1996). Alternative neural
Press. crest cell fates are instructively promoted by TGFb superfamily
members. Cell 85, 331–343.Keast, J.R., Booth, A.M., and DeGroat, W.C. (1989). Distribution of
neurons in the major pelvic ganglion of the rat which supply the Shah, N.M., Marchionni, M.A., Isaacs, I., Stroobant, P.W., and Ander-
bladder, colon, or penis. Cell Tissue Res. 256, 105–112. son, D.J. (1994). Glial growth factor restricts mammalian neural crest
stem cells to a glial fate. Cell 77, 349–360.Kuhlbrodt, K., Herbarth, B., Sock, E., Hermans-Borgmeyer, I., and
Wegner, M. (1998). Sox10, a novel transcriptional modulator in glial Smith, J.C. (1995). Mesoderm-inducing factors and mesodermal
cells. J. Neurosci. 18, 237–250. patterning. Curr. Opin. Cell Biol. 7, 856–861.
Le Douarin, N.M. (1980). The ontogeny of the neural crest in avian Stemple, D.L., and Anderson, D.J. (1992). Isolation of a stem cell
embryo chimeras. Nature 286, 663–669. for neurons and glia from the mammalian neural crest. Cell 71,
973–985.Le Douarin, N.M. (1986). Cell line segregation during peripheral ner-
vous system ontogeny. Science 231, 1515–1522. Suhonen, J.A., Peterson, D.A., Ray, J., and Gage, F.H. (1996). Differ-
entiation of adult hippocampus-derived progenitors into olfactoryLe Douarin, N.M., and Kalcheim, C. (1999). The Neural Crest, Second
neurons in vivo. Nature 383, 624–627.Edition (Cambridge, UK: Cambridge University Press).
Temple, S., and Alvarez-Buylla, A. (1999). Stem cells in the adultLiem, K.F., Jr., Tremmel, G., and Jessell, T.M. (1997). A role for
mammalian central nervous system. Curr. Opin. Neurobiol. 9(1),the roof plate and its resident TGFb-related proteins in neuronal
135–141.patterning in the dorsal spinal cord. Cell 91, 127–138.
Varley, J.E., and Maxwell, G.D. (1996). BMP-2 and BMP-4, but notLiem, K.F., Tremml, G., Roelink, H., and Jessell, T.M. (1995). Dorsal
BMP-6, increase the number of adrenergic cells which develop indifferentiation of neural plate cells induced by BMP-mediated sig-
quail trunk neural crest cultures. Exp. Neurol. 140, 84–94.nals from epidermal ectoderm. Cell 82, 969–979.
Varley, J.E., Wehby, R.G., Rueger, D.C., and Maxwell, G.D. (1995).Lo, L.-C., and Anderson, D.J. (1995). Postmigratory neural crest cells
Number of adrenergic and islet-1 immunoreactive cells is increasedexpressing c-ret display restricted developmental and proliferative
in avian trunk neural crest cultures in the presence of human recom-capacities. Neuron 15, 527–539.
binant osteogenic protein-1. Dev. Dynam. 203, 434–447.Lo´pez-Coviella, I., Berse, B., Krauss, R., Thies, R.S., and Blusztajn,
J.K. (2000). Induction and maintenance of the neuronal cholinergic Verdi, J.M., and Anderson, D.J. (1994). Neurotrophins regulate se-
quential changes in neurotrophin receptor expression by sympa-phenotype in the central nervous system by BMP-9. Science 289,
313–316. thetic neuroblasts. Neuron 13, 1359–1372.
Neural Stem Cells and Autonomic Neurogenesis
71
Verdi, J.M., Groves, A.K., Farin˜as, I., Jones, K., Marchionni, M.A.,
Reichardt, L.F., and Anderson, D.J. (1996). A reciprocal cell-cell
interaction mediated by neurotrophin-3 and neuregulins controls
the early survival and development of sympathetic neuroblasts. Neu-
ron 16, 515–527.
White, P.M., and Anderson, D.J. (1999). In vivo transplantation of
mammalian neural crest cells into chick hosts reveals a new auto-
nomic sublineage restriction. Development 126, 4351–4363.
Zimmerman, L.B., Dejesus-Escobar, J.M., and Harland, R.M. (1996).
The Spemann organizer signal noggin binds and inactivates bone
morphogenetic protein-4. Cell 86, 599–606.
